1. INTRODUCTION
===============

Aging is an inexorable and complex biological process characterized by a gradual decline in the physiological and biochemical functions of the principal systems, resulting in increasing risk of disability and loss of independence \[[@r1], [@r2]\]. During aging, several morpho-functional changes occur in skeletal muscle, such as the generalized loss of muscle mass, reduced myofiber size, and the progressive reduction in muscle strength, leading to a pathologic condition known as sarcopenia \[[@r3], [@r4]\] (Fig. **[1](#F1){ref-type="fig"}**).

This progressive age-related muscle wasting process is associated with an increased prevalence of falls, a greater incidence of diseases and the loss of functional independence \[[@r4]-[@r6]\]. Sarcopenia might also involve intramuscular fat accumulation, fibrosis, chronic inflammation and a decreased ability of satellite cells to activate and proliferate following injury, thus leading to impaired muscle regeneration \[[@r7], [@r8]\]. While there are many possible causes for the age-related decline in skeletal muscle mass, it is generally accepted that changes in the regulation of skeletal muscle protein metabolism are responsible for the negative protein balance and are the result of an alteration between protein synthesis and breakdown rates \[[@r9], [@r10]\]. Protein balance is regulated by many factors that are each susceptible to change during the aging process, including hormone status, physical activity and nutrition \[[@r10]-[@r17]\]. Among the risk events for pathologic changes associated with aging, particular relevance should be directed to the diminished food intake, sedentary life style and reduced energy expenditure of older adults. Several interventions have been suggested to counteract sarcopenia. In particular, nutrition plays an important role in many age-associated diseases and is relevant to highlighting how chronic pathological conditions may influence the requirement for specific nutrients. In this context, amino acids are considered very important among nutrients because they not only form the structure of proteins but are also key signaling molecules involved in the regulation of protein metabolism \[[@r18], [@r19]\]. Moreover, it has been demonstrated that, in older individuals, chronic amino acid supplementation stimulates a muscle protein synthesis similar to that observed in young people \[[@r20]\] and increases muscle mass and function \[[@r21]-[@r23]\].

Therefore, nutritional strategies may be very useful in counteracting muscle loss during aging and stimulating muscle growth and strength in individuals currently affected by sarcopenia. The composition of meals and supplements and the administration modality appear to be critical factors to the successful use of nutrition as a treatment for sarcopenia.

Taurine (2-aminoethane-sulfonic acid) is a sulfur-containing semi-essential amino acid not incorporated into proteins. In mammalian tissues, taurine is widely expressed and is the most abundant free amino acid in the heart, retina, skeletal muscle, brain, and leukocytes. Moreover, taurine plays an important role in several biological processes including cell development, cell signaling, membrane stability, Calcium-dependent excitation-contraction process and antioxidant defense \[[@r24]\]. In skeletal muscle, taurine is involved in the control of ion channel function, membrane stability and calcium homeostasis \[[@r25]\]. For instance, taurine treatment of dystrophic mdx mice improved grip strength, prevented exercise-induced muscle weakness and restored calcium homeostasis \[[@r26]-[@r28]\]. Taurine is synthesized from methionine and cysteine by the cysteine sulfinic acid decarboxylase (CSD) which is an enzyme present in the liver, kidney and brain \[[@r29]\] (Fig. **[2](#F2){ref-type="fig"}**).

Its intracellular concentration is guaranteed by the presence of a specific active transporter (TauT), ubiquitously expressed in many mammalian tissues, that concentrates taurine inside cells against its gradient \[[@r30]\]. Taurine is naturally found in numerous dietary components, especially in meat and seafood \[[@r31]\]. Some animal species, such as felines and foxes, are incapable of synthesizing taurine and, therefore, are highly dependent on its acquisition through the diet. The importance of such amino acid in the body is suggested by the fact that these animal species are also particularly susceptible to a deficient state, in which they develop severe pathological conditions, such as cardiomyopathy, retinal degeneration and reproductive defects \[[@r32]-[@r34]\]. This evidence supports the hypothesis that an alteration in the tissue content of taurine might play a role in tissue malfunction and that taurine supplementation may be used to pharmacologically control functions in which this amino acid plays a modulatory role.

The purpose of this review is to highlight the role of taurine in counteracting the impairment of skeletal muscle strength and function characteristic of senescent muscle. In particular, we discuss the potential effect of taurine on the pathogenic mediators of muscle aging and sarcopenia such as deregulated calcium levels and proteolytic systems, oxidative stress, inflammation, altered satellite cell activity and muscle regeneration.

2. PROTECTIVE MECHANISMS OF TAURINE AGAINST SARCOPENIA
======================================================

2.1. Role of Taurine in Excitation-contraction Coupling and Muscle Performance
------------------------------------------------------------------------------

It is well established that levels of taurine gradually decrease during the aging process in several tissues \[[@r35]\]. Moreover, taurine-depleted skeletal muscle exhibits several abnormalities in its morphology and function resembling those that occur during aging \[[@r35]\]. Among these, alterations in the mechanisms of excitation-contraction coupling and muscle performance have been reported. Excitation-contraction coupling is a physiological process that converts the sarcolemmal action potential into muscle action and force generation. An important role in this process is played by the dihydropyridine receptors (DHPRs) which, in response to a depolarization of the muscle post-synaptic plasma membrane, activate the ryanodine receptors (RyRs) localized on the sarcoplasmic reticulum (SR), triggering calcium release. Calcium, in turn, promotes the interaction between actin and myosin, where it stimulates muscle contraction and is then pumped back into the SR or competitively bound. Disruption or uncoupling at any step of this process may affect muscle functionality \[[@r36]\]. Aging causes a reduction in the number of DHPRs, increases uncoupling between these receptors and RyRs, and consequently results in calcium release deficits \[[@r37], [@r38]\].

It has been demonstrated that taurine plays an essential role in the maintenance of muscle performance and excitation-contraction coupling even though the exact mechanism of these actions is still unknown. Interestingly, Huxtable and Bressler \[[@r39]\] showed that taurine enhances the rate of Ca^++^ and total Ca^++^ sequestering capacity of SR isolated from rat skeletal muscle, suggesting that a possible impairment of this process may occur in taurine-depleted muscle. This impairment could result in an increased cytosolic calcium level, ultimately leading to the observed alteration in the excitation-contraction coupling mechanism \[[@r40]\].

Recently, it has been shown that taurine potentiates the rate of SR calcium uptake in both type I and type II human muscle fibers, probably acting within the lumen of the SR; moreover, low physiological taurine levels significantly reduce the degree of potentiation \[[@r41]\]. In a recent study, Goodman *et al.* \[[@r42]\] demonstrated that the skeletal muscle of taurine-supplemented rats exhibited increased force and greater resistance and recovery after tetanic stimulation. These effects are accompanied by an up-regulation of the calsequestrin 1 level, which is a calcium binding protein that plays a critical role in maintaining high amounts of calcium in SR tubules. These data suggest that in the presence of taurine skeletal muscle can store an increased amount of calcium leading to increased calcium availability for contraction.

2.2. Taurine and Calcium-dependent Signaling Pathways
-----------------------------------------------------

The effect of taurine in the modulation of SR calcium release suggests this amino acid is involved in the regulation of calcium-dependent signaling pathways. The need for an accurate modulation of intracellular calcium levels is, indeed, based on the observation that the dysregulation of calcium concentration leads to the activation of proteolytic systems, such as calpains and caspases, promoting muscle atrophy. Calpains are calcium-activated cysteine proteases, involved in a number of different biological processes including cytoskeletal remodeling \[[@r43]\], myofibril maintenance \[[@r44]\], and apoptosis \[[@r45]\]. They are also activated by several stimuli in which intracellular calcium homeostasis is affected, causing sarcomeric alteration \[[@r46]\], mitochondrial swelling, SR vacuolization \[[@r47], [@r48]\], and the disruption of contractile tissue \[[@r49]\].

The activity of calpains is regulated by the calpain inhibitor calpastatin, and their interaction is modulated by calcium concentrations. Interestingly, calpastatin over-expression attenuates muscle wasting and prevents the shift from slow to fast fiber type associated with disuse \[[@r50]\]. It has also been shown that acute taurine supplementation prevents calpain activation in norepinephrine-stimulated cardiomyocytes and that this effect is mediated via down-regulation of NADPH oxidase activation and the reduction of reactive oxygen species (ROS) \[[@r51]\]. These findings are in agreement with another study showing that taurine down-regulates calpain activity in a rat model of focal cerebral ischemia \[[@r52]\]. The discovery that the inhibition of NADPH oxidase-mediated calpain activation contributes to the anti-apoptotic effects of taurine offers new insights into the signaling mechanisms required for taurine protective effects, which may provide biological endpoints for the clinical evaluation of taurine as a potential therapeutic agent (Fig. **[3](#F3){ref-type="fig"}**).

Another important pathway closely involved in calcium-dependent degradation of proteins in muscle fibers is the caspase pathway. Caspases represent a key component of the proteolytic system and the apoptotic machinery both of which become dysregulated during aging and neuromuscular diseases \[[@r53], [@r54]\]. Caspases are present in the cytoplasm as inactive proenzymes (procaspases). Under appropriate conditions, caspases can activate themselves through autocatalytic cleavage, and can also cleave and activate other caspases, thereby creating a self-amplifying cascade \[[@r55]\]. Indeed, caspases are classified as either initiator caspases (including caspase-2, 8, 9 and 10) or effector caspases (including caspases-3, 6 and 7). Initiator caspases cleave and activate downstream effector caspases which, in turn, cleave numerous cellular targets ultimately leading to cell death \[[@r55]\]. One of the proposed mechanisms involved in the activation of the caspase pathway during aging is endoplasmic reticulum (ER) stress, caused by calcium dysregulation or oxidative stress \[[@r56]\]. ER stress provokes an alteration in protein folding; thus, unfolded and misfolded proteins accumulate in the ER lumen, triggering the apoptotic pathway \[[@r57]\]. Interestingly, ER stress may be increased in tissue in which taurine is depleted, suggesting that endogenous taurine contributes to the stabilization of protein folding \[[@r58]\]. The efficacy of taurine in counteracting the actions of ER stress inducers is consistent with its role as an osmotically active substance and with the theory that organic osmolytes act as chemical chaperones \[[@r59]\]. Owing to this property, taurine may prevent intracellular volume changes resulting from alterations in plasma osmolality \[[@r34]\]. Indeed, it has been postulated that taurine could interact with membrane proteins leading to alterations in membrane functions and consequently to changes in the intracellular concentration of ions, in particular calcium \[[@r60]\]. Thus, the ability to modulate cellular ion concentrations and the regulation of cell volume together with its anti-apoptotic properties may be responsible for the protective effects of taurine against sarcopenia.

2.3. Effects of Taurine in Mitochondria-mediated Apoptosis and Oxidative Stress
-------------------------------------------------------------------------------

It is generally accepted that mitochondrial dysfunction is a major factor contributing to the development of sarcopenia. Indeed, oxidative damage to mitochondrial components impairs cellular respiration and energy production and increases ROS generation, eventually leading to apoptotic events \[[@r61]\]. Notably, upregulation of myocyte apoptosis has been shown in animal models of premature aging as well as in aged rodents and humans \[[@r62]-[@r66]\]. The occurrence of apoptosis in skeletal muscle is evidenced, among others, by the expression of pro-apoptotic proteins such as Bax, caspase-3, Apoptosis Inducing Factor (AIF) and Apoptotic protease activating factor-1 (Apaf-1) \[[@r55], [@r67]\]. Interestingly, taurine has been found to ameliorate macroscopic and microscopic colitis through downregulating Bax expression and increasing the content of anti-apoptotic Bcl2 \[[@r68]\]. Moreover, taurine is able to suppress ischemia-induced apoptosis in cardiomyocytes by targeting the Apaf-1/caspase 9 complex which plays a crucial role in mitochondrion-mediated apoptosis \[[@r69]\]. These data highlight a cytoprotective role of taurine in several organs and tissues and reveal a novel molecular mechanism for the anti-apoptotic effect of taurine which may be harnessed to counteract sarcopenia.

Taurine has been found at particularly high concentrations in tissues exposed to elevated levels of oxidants, suggesting a role in the attenuation of oxidative stress \[[@r70]-[@r73]\]. Recently, it has been showed that taurine supplementation decreases the production of superoxide radicals in skeletal muscle, resulting in decreased lipid peroxidation and inflammation \[[@r74]\]. One possible mechanism by which taurine inhibits ROS generation has been proposed by Schaffer *et al.* and Jong *et al.* \[[@r73], [@r75]\] who proposed a novel antioxidant hypothesis, based on the presence of taurine-conjugated tRNAs in the mitochondria. Since tRNA conjugation is required for the normal translation of mitochondrial-encoded proteins, taurine deficiency reduces the expression of these respiratory chain components. As a result, a decrease in the electron flux through the electron transport chain occurs. Conversely, dysfunctional respiratory chain accumulates electron donors, which divert electrons from the respiratory chain to oxygen, forming superoxide anions. The restoration of taurine levels increases concentrations of conjugated tRNA, restores respiratory chain activity, and increases the synthesis of ATP at the expense of superoxide anion production \[[@r73], [@r75]\].

Recently, it was reported that transgenic mice knocked-out for the taurine transporter showed mitochondrial dysfunction in cardiomyocytes, characterized by reduced ATP production and elevated superoxide generation \[[@r76]\]. Such alterations were associated with activation of the ubiquitin-proteasome system (UPS) and autophagy \[[@r76]\]. Furthermore, Hansen *et al.* \[[@r77]\] demonstrated that taurine acts as a pH buffer in mammalian mitochondria, regulating the activity of specific enzymes such as pyruvate dehydrogenase, and that taurine depletion causes inadequate β-oxidation due to decreased pH buffering capacity, which consequently leads to metabolic dysfunction \[[@r77], [@r78]\].

All together, these observations suggest that the increased production of ROS during aging plays a key role in targeting a number of adaptive responses in skeletal muscle and strongly support a link between taurine activity, oxidative stress, mitochondrial dysfunction and apoptosis.

2.4. Taurine and Inflammation
-----------------------------

Aging is accompanied by a chronic low-grade systemic inflammation state also known as inflamm-aging \[[@r79]\]. It is well established that tumor necrosis factor alpha (TNF-α) is increased in muscle wasting conditions \[[@r80], [@r81]\] and it is also known to be a potent activator of the nuclear factor kappa B (NF-κB) pathway in a variety of cell types, including muscle \[[@r82]\]. NF-κB is maintained in its inactive state by binding with a family of inhibitory proteins called inhibitors of kappa B (IkB). The increase in TNF-α levels induces the activation of an IκB kinase (IKK) complex that phosphorylates IkB, resulting in its ubiquitination and proteasomal degradation. This leads to nuclear translocation of NF-κB and transcription of NF-κB-mediated genes \[[@r83]\]. Activation of NF-κB in skeletal muscle leads to degradation of specific muscle proteins, induces inflammation and fibrosis, and blocks the regeneration of myofibers after injury/atrophy \[[@r84]\].

Taurine may provide a useful therapeutic approach to protect tissue damage from inflammation \[[@r85]\]. Indeed, the amino group of taurine can neutralize hypochlorous acid, one of the reactive species generated by neutrophils. In this reaction, taurine is converted to taurine chloramine, which is less toxic than hypochlorous acid and serves as a modulator of the immune system \[[@r86]\]. Thus, Tau-Cl, a stable oxidant, can be produced at the site of inflammation and down-regulate pro-inflammatory cytokine production leading to a significant reduction in the immune response. Moreover, recent reports have demonstrated that Tau-Cl exerts its effects upstream of IKK signaling pathway and inhibits the production of inflammatory mediators through a mechanism that, at least in part, involves the inhibition of NF-κB activation \[[@r87]\]. In this context, taurine might be involved in the down-regulation of inflammation and consequently favoring a functional activity of senescent muscle.

2.5. Taurine and Protein Imbalance {#sec2.5}
----------------------------------

The UPS is a major proteolytic system in muscle. The muscle-specific ubiquitin-ligases, atrogin-1 (MAFbx) and Muscle RING Finger 1 (MuRF1) are up-regulated in old age and have therefore been involved in the pathogenesis \[[@r88]\]. In muscle, activation of the Phosphoinositide 3-kinase- Protein kinase B-Mammalian Target of Rapamycin (PI3K-AKT-mTOR) signaling promotes net protein accumulation by suppressing forkhead box protein O (FOXO) transcription factors \[[@r88]\], which control the expression of the atrogene program \[[@r89]\]. However, with aging, PI3K-AKT-mTOR signaling decreases, and consequently protein synthesis is reduced with a concomitant increase in proteolysis through the FOXO-dependent expression of the atrogene program \[[@r90]\]. Recently, it has been demonstrated that, in PC12 cells, taurine administration exerts neuroprotective effects against methamphetamine-induced damage, at least in part through mTOR-dependent pathway \[[@r91]\]. This finding suggests that taurine may influence protein catabolism in aged muscle through the stimulation of the mTOR-dependent pathway (Fig. **[4](#F4){ref-type="fig"}**).

In agreement with the role of taurine in counteracting protein synthesis decline, it has been shown that the up-regulation of MAFbx and MuRF1 observed in a mouse model of hind-limb unloading-induced atrophy is partially counteracted by taurine supplementation \[[@r30]\]. Although more detailed studies are needed to better clarify the molecular mechanisms underlying the taurine effects on the regulation of skeletal muscle mass, collectively these findings suggest that taurine administration might have a beneficial role in counteracting sarcopenia via the regulation of muscle protein turnover.

2.6. Taurine, Satellite Cells and Epigenetic Modifications {#sec2.6}
----------------------------------------------------------

In addition to the mechanisms described above, deficiencies in muscle regeneration may also be involved in sarcopenia. Adult muscles are able to regenerate and respond to tissue damage by modifying their metabolic and contractile properties. However, a lower regenerative potential of aged muscle has been reported to be associated with a decline in satellite cell number and function \[[@r92], [@r93]\]. Conboy *et al.* \[[@r94]\] elegantly demonstrated that the regenerative potential of satellite cells can be dramatically improved in muscle of old mice after exposure to a young systemic environment. In addition, it has been shown that aged satellite cells, under standard culture conditions (*i.e.* Dulbecco's Modified Eagle Medium supplemented with 5% horse serum), are able to differentiate without visible morphologic defects \[[@r7]\]. Interestingly, muscle differentiation was dramatically reduced when old satellite cells were cultured in autologous serum (isochronic culture conditions), whereas differentiation of aged satellite cells was rescued when cultured in serum obtained from young donors (heterologous/heterochronic conditions) \[[@r7]\]. These results emphasize the importance of the environment, which is created by circulating factors, but also by the local secretome of factors released by resident cells, including satellite cells as well as by the inflammatory milieu that characterizes the early steps of muscle regeneration \[[@r95]\].

As discussed above, aging is associated with increased ROS generation and heightened inflammation, leading to dysfunctions in a variety of cell signaling pathways and providing an unfavorable environment which can adversely affect satellite cell function and limit muscle repair in aging \[[@r96]\]. Considering the involvement of taurine in the modulation of calcium-dependent signaling pathways, attenuation of ROS generation and down-regulation of the pro-inflammatory cytokines secretion, it is possible to speculate that taurine administration may ameliorate the systemic environment. This, in turn, would influence the quantity and/or quality of satellite cells and their behavior during regeneration, slowing the aging process. Accordingly, a recent study by Gebara *et al.* \[[@r97]\] suggested a role for taurine in increasing hippocampal neurogenesis in old mice.

An additional mechanism of action of taurine involves the regulation of gene expression. MicroRNA (miRNAs) are small non-coding RNAs that regulate gene expression at post-transcriptional level. MiRNAs have been identified to be highly expressed in skeletal muscle, thereby indicating a possible regulatory role in muscle development and homeostasis \[[@r98]\]. MiRNAs also regulate the senescence program by targeting genes involved in cellular stress and tumor suppressor pathways. In addition, inflammatory mediators such as IL6 and IL8, which are up-regulated during aging, are targets of specific miRNAs that appear to be part of a compensatory response to protect against inflammation senescent primary fibroblasts \[[@r99]\]. Indeed, alteration and/or ablation of some miRNAs resulted in defects in satellite cell activation, proliferation and differentiation, altered muscle regeneration and promotion of muscle atrophy \[[@r100]\]. Emerging evidence also suggests that dietary intake, including administration of a number of different essential amino acids, may counteract muscle aging partly through miRNA modulation \[[@r101], [@r102]\].

It is still unknown whether increases in taurine intake may change in miRNA expression in muscle. However, through its effect on the maintenance of cellular integrity, redox homeostasis and inflammation, taurine administration may serve to overcome the anabolic resistance of aged muscle promoting muscle health in advanced age.

Conclusion
==========

Taurine may represent a promising nutritional agent to counteract the development and progression of sarcopenia through its actions on intracellular calcium homeostasis, protein metabolism, oxidative stress, inflammation, and muscle regeneration. Further research is needed to definitively establish the anti-sarcopenic properties of taurine, its potential synergistic activity with physical exercise and other nutritional aids, and the most effective supplementation regimen.
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![**Schematic representation of cellular processes involved in the onset of sarcopenia.** During aging multifactorial events such as increased levels of intracellular Ca^++^ concentration, mitochondrial dysfunctions, protein catabolism, oxidative stress and inflammation lead to the onset of sarcopenia.](CPPS-19-673_F1){#F1}

![**Metabolic pathway of taurine synthesis.** Endogenous taurine synthesis occurs in the liver via the cysteine sulfinic acid pathway. The metabolic reaction involves a first oxidation of the sulfhydryl group of cysteine to cysteine sulfinic acid by the enzyme cysteine dioxygenase. Cysteine sulfinic acid is then decarboxylated to hypotaurine by the cystyeine sulfinate decarboxylase. Taurine is synthesized through the hypotaurine dehydrogenase-dependent oxidation of hypotaurine.](CPPS-19-673_F2){#F2}

![**Schematic representation of taurine effects on calpain pathway.** Calpains are calcium-dependent proteases involved in many catabolic processes and are negatively regulated by calpastatin. In skeletal muscle, calpains contribute to sarcomeric alterations, mitochondrial dysfunction, sarcoplasmic reticulum (SR) stress, and contractile tissue decay. Taurine administration down-regulates intracellular \[iCa^++^\] and reactive oxygen species (ROS) generation, thus exerting a protective role against sarcopenia.](CPPS-19-673_F3){#F3}

![**Taurine may influence protein catabolism by down-regulating catabolic pathways.** Taurine administration may inhibit atrogene expression through stimulating the Phosphoinositide 3-kinase- Protein kinase B-Mammalian Target of Rapamycin (AKT-PI3K-mTOR) pathway and subsequent blockade of Nuclear Factor κB (NF-κB) and Forkhead box O (FOXO) signaling.](CPPS-19-673_F4){#F4}
